throughout the broader scientific community through both theory [1] [2] [3] [4] [5] and experiment . In particular, understanding the size distribution of the ejected particles and how it is affected by the surface characteristics has been the subject of much work at Los Alamos [17, 22, 23, 25] and elsewhere [21, 24, 26] for several years. We report here on work to constrain the size distribution of ejected particles through optical scattering.
Introduction
A metal surface produced through standard machining techniques will often have periodic surface features with a characteristic wavelength and amplitude. When an object with such a surface is subjected to a shockwave, interactions between the shockwave and these surface features will result in the ejection of particles from the metal surface.
Characterizing these ejecta has long been an area of active research at Los Alamos National Laboratory and 1 3 HE charge is placed underneath the target in this base plate. Typical angular scattering measurements start at angles as low as 2
• and extend as high as 35
• in 5
• increments. The result is a continuous trace of the scattered intensity as a function of time at each measurement angle. In addition, the unscattered laser beam is collected by a collimator at 0
• in order to measure total light transmission through the cloud.
All collimators have anti-reflective coatings for 638 nm and the inputs of all PMTs have narrowband filters to suppress background light. Measurements from an off-axis detector, shown in the bottom panel of Fig. 2 , show no measurable signal, so we conclude that all measured signal during our analysis time window is due to scattering from the ejecta particles. Overlap of the collimators' fields-ofview with the center of the scattering volume is established by back-propagating laser light through each fiber during the assembly of each experiment package. The alignment is then checked before final assembly by measurements of the collection efficiency of each collimator using a uniform source placed at the center of the experiment package.
Supporting diagnostics include laser Doppler velocimetry [27] [28] [29] [30] [31] [32] to measure the velocity of the free surface, v fs , after shockwave breakout and X-ray radiographs taken parallel to the perturbation strip as shown in the lower panel of Fig. 2 .
Data Analysis
The measured intensity of scattered light at each angle is the sum of the contributions at that angle from all the particles within the scattering volume, which is determined by the overlap of the field of view of the collimator and the laser beam. The contribution of each individual particle to this sum is determined by its scattering amplitude, which is strongly size-dependent. The scattering amplitude for a given particle can be calculated using the Mie solution to Maxwell's equations for a plane wave incident on a spherical particle, and the scattered light intensity at any point can then be calculated from the scattering amplitudes [33, 34] .
In our analysis, we assume that the particle radii are distributed log-normally. That is, the probability that an ejecta particle has a radius in the increment dr centered at r is where the parameters of the distribution are the median radius, r m , and the width, . We choose N values of r m and M distribution widths resulting in N × M possible distributions, typically starting with a coarse grid of values and refining the grid as the analysis proceeds. For each of these possibilities we choose a set of radii, r j , that spans the distribution. Figure 3 shows the f (r j ;r m , ) for r m = 1.85 μm and = 1.11.
The angle-dependent scattered intensity for these radii is calculated using the Mie solution, and the sum of intensities over the entire set of radii, weighted by the abundance as given by the relevant log-normal distribution, is calculated for each angle. That is, the calculated, total, scattered intensity at a given angle, i , is where I M (r j , i ) is the scattered intensity per unit incident intensity at i from a particle of radius r j calculated using the Mie solution; f (r j ;r m , ) is one of the N × M log-normal distributions; and the sum is over the K discrete values of r j . This results in N × M calculated scattering patterns.
These calculated angular scattering patterns are used with the observed scattering pattern to form a reduced 2 surface, in r m , , and G space. Here Ω i is the uncertainty in the observed intensity, I obs ( i ); is the number of degrees of freedom of the data, essentially the number of angles, L, at which the measurements are made; and G is an overall scaling factor that is related to the system gain and the number of particles in the interaction volume.
The I obs ( i ) values used in Eq. are the mean of the scattered intensity trace over a time window of 50-100 ns
, duration, and the uncertainties are the standard deviation of the mean. The minimum of the 2 surface yields the most probable values for the parameters r m , , and G, and the curvature about this point gives the uncertainty in these parameters (See for example [35] ).
We limit the data analysis to that time for which the transmitted laser intensity, as measured by the 0° channel, is greater than I 0 ∕e, where I 0 is the quiescent, transmitted laser intensity. Under this restriction, according to Beer's law, the mean free path of a photon in the ejecta cloud is greater than the width of the cloud, and we make the claim that multiple scattering effects can be neglected.
The laser light illuminating the particles is assumed to be unpolarized in this analysis. The actual polarization state of the light at the ejecta cloud is unknown, but experience with these laser systems leads us to believe that the light is elliptically polarized. For the wavelength of light used in these experiments the difference in scattering cross section between the two polarization states for typical particle sizes seen here contributes a negligible amount to the error bars of our measured sizes.
Results and Discussion

General Discussion
Because the I( ) data are taken with a CW laser, a continuous record of the scattering pattern can be recorded from the moment the first ejecta arrive at the height of the interrogating laser beam until the collimators are destroyed by the arrival of the shockwave-driven target surface, the socalled free surface. The size distribution parameters, r m and , can then be extracted from the scattering pattern, as described in the previous section, at any time within that window. Figure 4 shows the results of applying the fitting algorithm to the angular scattering pattern observed 5.7 μs after the shockwave reached the surface of a target with a single triangular groove 40 μm deep and 140 μm wide at the target surface. Figure 5 shows the r m and versus the ratio of the velocity of the ejecta to the velocity of the free surface with this target throughout the duration of the experiment.
It is convenient to characterize the targets by the product of the wave number, k ≡ 2 and the amplitude, h 0 of the triangular perturbations machined into the target surface. Although the feature just described is not periodic, the parameters for the groove give kh 0 = 0.9. Figure 6 shows the results of an experiment with a target with a 400 μm wide strip of triangular perturbations with 50 μm period and 4 μm amplitude, kh 0 = 0.5. The results of the both experiments show a large amount of variation in the r m and with velocity. 
Comparison with Optical Holography Results
Comparison of the Mie scattering data with holography data is best done by plotting r m versus the ratio of the velocity of the ejecta to the velocity of the free surface rather than versus time, since this removes shifts in time due to differences in the experiment geometries. Laser Doppler velocimetry can be used to determine the velocity of the shock-driven free surface simultaneously with the Mie scattering measurements of the angular scattering pattern. The velocity of the ejecta is easily obtained from the time of the measured signal and the height of the laser beam above the target surface. Figure 7 shows a comparison of this curve for two different Mie scattering measurements to data from optical holography experiments [22, 23] on Sn targets that all have a single triangular groove with kh 0 = 0.9 as described above.
At high velocity ratios, the agreement between the Mie scattering and optical holography data is good, but at low velocity ratios, corresponding to material close to the free surface, the curves appear to begin to diverge with both Mie scattering experiments having nominally unchanging particle sizes while the holography measurement shows sharply increasing particle sizes.
It is possible that this discrepancy at low velocity ratios is due to the arrival of ligaments of target material in the Fig. 4 A typical angular scattering pattern and the resulting fit. This data yields the parameters for the distribution shown in Fig. 3 Fig. 5 The median radius and distribution width as a function of the ratio of ejecta velocity to free surface velocity for a target with a single triangular groove as described in the text Fig. 6 The median radius and distribution width as a function of the ratio of ejecta velocity to free surface velocity for a target with a 400 μm wide strip of triangular perturbations with 50 μm period and 4 μm amplitude laser interrogation volume. These ligaments break up into discrete particles as they move away from the target surface, but as the free surface draws near to the laser beam height one would expect that the ligaments would begin to appear in the field-of-view of the diagnostic. The existence of these ligaments above shocked metal surfaces and their role as the source of ejecta particles is predicted by numerical simulations [36, 37] .
Edge Effects
X-ray images of the ejecta show a distinct difference in transmission at the edges of the ejecta clouds. The lower panel Fig. 8 is an X-ray image of a Sn target with kh 0 = 0.9 as before but now with a 4 mm wide perturbation strip, i.e not a single groove. The radiograph shows markedly decreased X-ray transmission at the edges of the ejecta cloud and significantly increased transmission through the material of the free surface at the edges of the perturbation strips. These "cavitation waves" result from the interaction of the shockwave with the edges of the perturbation strip where the surface transitions from the periodic grooves to the diamond-turned finish of the remainder of the target surface.
It cannot be determined from X-ray images whether there is a bimodal distribution of particle radii with the decreased transmission at the edges of the ejecta cloud due to larger particles than are present within the interior of the ejecta cloud or whether there are simply more particles of the same size scattering light at the edges of the cloud or if it is some combination of these two possibilities. It appears that the bulk of the particles at the edges of the ejecta come from the cavitation waves, while those in the center of the cloud come from the target perturbations. This fact would seem to argue for a bimodal distribution of some sort.
Since one of the goals of this research is to elucidate the role of surface features on ejecta production it is desirable to remove the uncontrolled effects of the edges from the experimental results. To study this we placed a mask with a slit much smaller in width than the perturbation strip width between the target and the laser beam. The upper panel of Fig. 8 shows a 0.25 mm thick Ta mask with 0.75 mm wide slit above a Sn target with a 4 mm wide perturbation strip ( = 50 μm, h 0 = 4 μm, kh 0 = 0.5). The slit in the mask is not visible in this image. Figure 9 shows typical angular scattered intensity data and fit and the resulting size distribution for such an arrangement. The ejecta from the center of the perturbation strips are characterized by distributions with median radii that fall roughly in the range 200 nm ≤ r m ≤ 800 nm as opposed to median radii of roughly 1-4 μm for experiments with no masks. Data from such experiments consistently yield smaller particle sizes than data from those experiments without masks.
Plots of r m and versus time for two different experiments in which masks were used are shown in Figs. 10 and 11. The targets used in these two experiments both had 3 mm wide perturbation strips with triangular perturbations with 50 μm period but different amplitudes as noted in the figure caption. The later times of these experiments relative to those shown in Figs. 5 and 6 are due to the increased height of the laser beam above the target surface necessitated by the intervening mask as well as the lower velocity of the ejecta produced by the smaller amplitude perturbations on these two targets. Both experiments used Ta masks with a 0.75 mm wide slit.
Conclusion
We presented results in this manuscript from a limited set of experiments, but the trends in particle size hold across more than 30 experiments we have conducted. These experiments demonstrate that this method is sensitive to particle size, is reproducible, and is consistent with optical holography results from targets with similar , h 0 , and kh 0 .
The results lead us to conclude that larger particles are produced at the edges of the perturbation strips than those produced by the machined perturbations. The scatter in the measured size distribution is a reflection of the very real scatter in particle sizes as the mixture of large and small particles that make up the ejecta cloud flows through the interrogation volume. More importantly, this work indicates that ejecta particle sizes measured by the recent optical holography experiments may be significantly larger than those that one would expect to be ejected from a metal surface produced by standard machining techniques. For systems where hydrodynamic effects are expected to play a role in particle breakup this fact has important implications.
